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Abstract
In order to understand impacts of global warming on dust aerosol over East Asia, a regional climate model (RegCM3) coupled with a dust
model is employed to simulate the present (1991e2000, following the observed concentration of the greenhouse gases) and future (2091e2100,
following the A1B scenario) dust aerosol. Three experiments are performed over East Asia at a horizontal resolution of 50 km, driven by the
outputs from a global model of the Model for Interdisciplinary Research on Climate (MIROC3.2_hires), two without (Exp.1 for the present and
Exp.2 for the future) and one with (Exp.3 for the future) the radiative effects of dust aerosols. Effects of climate changes on dust aerosols and the
feedback of radiative effects in the future are investigated by comparing differences of Exp.2 and Exp.1, Exp.3 and Exp.2, respectively. Results
show that global warming will lead to the increases of dust emissions and column burden by 2% and 14% over East Asia, characterized by the
increase in DecembereJanuaryeFebruaryeMarch (DJFM) and the decrease in AprileMay (AM). Similar variations are also seen in the pro-
jected frequencies of high dust emission events, showing an advanced active season of dust in the future. The net top-of-atmosphere (TOA)
radiative forcing is positive over the desert source regions and negative over downwind regions, while the surface radiative forcing is negative
over the domain, which will lead to a reduction of dust emissions and column burden.
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1. Introduction

As a main component of tropospheric aerosols, dust aerosol
is entrained into the atmosphere with the amount of
1000e3000 Tg per year, which accounts for about half of the
total tropospheric aerosols (Cakmur et al., 2006). In East Asia,
dust aerosol from the nature source of Gobi desert and
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northwestern China alone contributes the amount of 800 Tg
per year (Zhang et al., 1997). Compared to other source re-
gions, East Asian dust is more likely to be transported to wider
regions due to its unique geographical location under the
proper weather conditions (Jiang and Chen, 2008). It affects
the climate, environment and ecology of downwind areas by
modifying the radiation budget through absorption and scat-
tering of incoming solar radiation and outgoing long-wave
radiation (Shi and Zhao, 2003).

The study of dust aerosol can be dated back to the 1920s
(Hankin, 1921) with the focus mainly on the characteristic of
strong dust events, including temporal and spatial distribu-
tions, mechanisms and structures, etc. After 1970s, compre-
hensive monitoring of dust aerosol becomes active with the
development of satellite retrievals and ground observation
network (Shenk and Curian, 1974). Subsequently, climatic
s on dust aerosol over East Asia from RegCM3, Advances in Climate Change

dministration). Production and hosting by Elsevier B.V. on behalf of KeAi.

ommons.org/licenses/by-nc-nd/4.0/).

mailto:gaoxuejie@mail.iap.ac.cn
www.sciencedirect.com/science/journal/16749278
http://dx.doi.org/10.1016/j.accre.2016.07.001
http://dx.doi.org/10.1016/j.accre.2016.07.001
http://www.keaipublishing.com/en/journals/accr/
http://dx.doi.org/10.1016/j.accre.2016.07.001
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Model domain and topography (unit: m). Also shown the source regions

of dust (white color).
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responses caused by dust aerosol are quite well documented
through the analysis of disturbed radiation balance between
surface and atmosphere (Zhang and Christopher, 2003).
Studies for global and regional dust become the hot spots in
recent years (Westphal et al., 1988; Zakey et al., 2006; Zhang
et al., 2009; Fiedler et al., 2015).

Most of studies mentioned above discussed the present
dust, but the speculation about the possible changes of dust
under global warming have been rarely described (Mahowald
and Luo, 2003; Tegen et al., 2004; Mahowald et al., 2006; Liu
et al., 2014) and almost inferred from global models with
coarse resolutions (Mahowald and Luo, 2003; Tegen et al.,
2004; Mahowald et al., 2006). On the one hand, weakened
latitudinal temperature gradients due to a larger warming in
high latitudes than in tropics and subtropics are likely to result
in a less windy and less dusty future in coming decades to
centuries; on the other hand, increased evaporation and
decreased soil moisture induced by the warming are conducive
to an intensification of dusty cycle. Also the change of the
precipitation, earlier melt of snow and radiative forcing
feedback of dust altogether may cause a shift in dust event
frequency, intensity and high-incidence season. To understand
the combined effects of the aforementioned elements, nu-
merical models and their simulations are needed.

In the present study, the effects of global warming on the
dust aerosol over East Asia are discussed by using a regional
climate model (RegCM3) coupled with a desert dust module
(Zakey et al., 2006; Solmon et al., 2006; Pal et al., 2007). The
model and experiment design are described in Section 2, while
simulated present dust and its future change are presented in
Section 3. Finally, a brief conclusion and discussion is sum-
marized in Section 4.

2. Model, experiment design and data

The model employed in the study is the Regional Climate
Model version 3 (RegCM3) developed at the Abdus Salam
International Centre for Theoretical Physics (ICTP) (Pal et al.,
2007). The solar (SW) and atmospheric (LW) radiation
schemes are described in Kiehl et al. (1996). Land surface
processes are represented via the Biosphere-Atmosphere
Transfer Scheme (BATS1e) (Dickinson et al., 1993), with
the prescribed surface land use type in each model grid.
Planetary boundary layer computations employ the non-local
formulation of Holtslag et al. (1990). The mass flux scheme
of Grell (1993) is used to describe convective precipitation and
the sub-grid explicit moisture scheme of Pal et al. (2000) is
used to describe non-convective precipitation.

The coupled dust module consists of the processes of dust
emissions, transport, deposition of four particle size-bins from
0.01 to 20.0 mm (0.01e1.0 mm, 1.0e2.5 mm, 2.5e5.0 mm and
5.0e20.0 mm), and also takes accounts for optical properties
and radiation effects of particle (Zakey et al., 2006). The dust
emission scheme is based on Marticorena and Bergametti
(1995) and Alfaro and Gomes (2001). Transport processes
are described by the tracer transport equation of Solmon et al.
(2006) and Zakey et al. (2006). The dry and wet deposition
Please cite this article in press as: ZHANG, D.-F., et al., Effects of climate change

Research (2016), http://dx.doi.org/10.1016/j.accre.2016.07.001
terms are treated following Zakey et al. (2006) and Giorgi
(1986, 1989), respectively. The refractive indices of dust
aerosols for the relevant SW spectral windows are taken from
the Optical Properties of Aerosols and Clouds (OPAC) data-
base (Hess et al., 1998), the dust SW radiative effect is
calculated using asymmetry factor, single scattering albedo,
and mass extinction coefficient obtained from Mie (1908)
calculations. In this study, the amount of dust emissions are
decided by soil texture type, soil water content, surface
roughness, snow cover and 10 m wind speed, etc. Taking into
account the climate background of East Asia, here dust is only
emitted from the model grids with land use type of desert or
semi-desert and with snow cover of less than 1 mm.

Three experiments were conducted in this study, and each
was run for 10 years. The first one (Exp.1) simulates the
present (1991e2000) dust, and does not include the radiative
forcing; the other two simulate the future (2091e2100) dust
under the Special Report on Emissions Scenarios (SRES) A1B
scenario (Nakicenovic et al., 2000), one without (Exp.2) and
one with (Exp.3) the radiative forcing. The differences be-
tween Exp.2 and Exp.1 are considered as the effect of climate
change on dust, while the differences between Exp.3 and
Exp.2 are regarded as the feedback of dust radiative forcing in
the future.

Central point of the model is set at 36�N, 105�E, with 109
grids in the northesouth direction and 160 grids in the west-
east direction. The model domain encompasses the whole
continental China and adjacent areas (Fig. 1) at a horizontal
grid spacing of 50 km. It includes the primary dust producing
regions in East Asia. The model is run at its standard
configuration of 18 vertical sigma layers with model top at
10 hPa.

Initial and lateral boundary conditions are obtained from
outputs of the 20th Century Climate in Coupled Models
(20C3M) and SRES A1B simulations in the Coupled Model
Inter-comparison Project Phase 3 (CMIP3) model of MIR-
OC3.2_hires. This driven model has the highest horizontal
resolution of T106 (～125 km) in the CMIP3 models and good
performance over East Asia (Lucarini et al., 2007; Xu, 2010).
s on dust aerosol over East Asia from RegCM3, Advances in Climate Change
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Land use types are based on observed data within China (Liu
et al., 2003) and the Global Land Cover Characteristics
(GLCC) data developed by the United States Geological
Survey (USGS) outside China (Loveland et al., 2000). Soil
texture data are based on the United States Department of
Agriculture texture classification (USDA, 1999), with some
modifications in Northeast China for extra dust sources (Onqin
Daga and Horqin) following Shao and Dong (2006).

3. Results
3.1. Present dust aerosol

3.1.1. Multi-annual mean dust emissions, column burden
and aerosol optical depth (AOD)

Here simulated multi-annual mean dust aerosol emissions,
column burden and optical depth from Exp.1 are selected to
compare with the frequency of observed severe dust storms in
northern China in 1954e2002 (Zhou and Zhang, 2003). More
detailed evaluations of model performance can be found in
Zhang et al. (2009).

The observation suggests that severe dust storms appear
with high spatial discontinuities in 1954e2002. The large
number of occurrences exceeding 10 is found in the Takli-
makan, Badain Jaran and Onqin Daga, in particular with the
maxima of larger than 20 over the southern of Taklimakan
desert, where dust aerosol is the most active (Zhou and Zhang,
2003).

The higher multi-annual mean dust emissions centers from
Exp.1 within the territory of China located at the Gurbanton-
gut, Taklimakan, Badain Jaran, Onqin Daga and Horqin. The
high emissions of larger than 10,000 mg m�2 d�1 over the
Taklimakan and Badain Jaran and 5000e10,000 mg m�2 d�1

over other dust sources are shown as mentioned above. Small
emissions can be found over other areas with the capabilities
of emissions. For example, dust emissions are less than
250 mg m�2 d�1 in the northern Tibetan Plateau due to the
impact of deep snow cover (Fig. 2a).

Simulated distribution of multi-annual mean dust column
burden, as a comprehensive production of dust emissions and
its vertical transport process, is essentially similar to that of
dust emissions. Over the Taklimakan and Badain Jaran, the
values of dust column burden are greater than 500 mg m�2,
locally up to 1500e2000 mg m�2. Relatively small values of
greater than 250 mg m�2 are shown over other dust sources. It
is noteworthy that an atmospheric dust column burden of
larger than 50 mg m�2 can be found at 130�E following the
path of prevailing winds (Fig. 2c).

Similarly, distributions of multi-annual mean AOD are
characterized by the maxima of more than 0.6 over the
Taklimakan and the values of 0.2e0.4 over the Badain Jaran
(Fig. 2e).

In summary, the simulated spatial patterns of multi-annual
dust emissions, column burden and AOD show large agree-
ments to that of the observed severe dust storms in northern
China in 1954e2002. The good performances of the model in
Please cite this article in press as: ZHANG, D.-F., et al., Effects of climate change
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reproducing the observed dust climatology increases the
confidences of the model in the future dust projections.

3.1.2. Monthly mean dust emissions, column burden and the
occurrence of dust event with different emission thresholds

Simulated monthly mean dust emissions in the present
(Exp.1) and future (Exp.2) over the domain are provided in
Table 1. The present-day annual mean emissions are
2919 g m�2 d�1, with the peak emissions of 6294 g m�2 d�1

and 5900 g m�2 d�1 in April and May, respectively. The
lowest emissions can be found in December and January, with
values of less than 1000 g m�2 d�1. The pronounced temporal
discontinuities are shown in monthly dust producing.

In Table 2, the time evolution of monthly mean dust column
burden is shown based on simulations of the present (Exp.1)
and future (Exp.2). Similar to the results of present dust
emissions, present dust column burden shows the maximum in
April and May, with values of 1713 g m�2 and 1738 g m�2,
respectively, and the minima of 371 g m�2 and 329 g m�2 in
December and January. Annual mean dust column burden is
915 g m�2.

In order to understand the intensity of dust activity, the
crude dust event counts in simulations are described with three
different emission thresholds of 1500, 2500 and 5000
mg m�2 d�1. Fig. 3 shows their monthly occurrences in the
present (Exp.1) and future (Exp.2). For all thresholds, the
highest dust event frequency occurs in April in the present,
with the occurrences of 196, 117, and 36 d per 10 years from
the lowest thresholds to the highest one. The numbers of total
10-year dust event occurrences are 984, 406, and 97 d for the
three thresholds, respectively.
3.2. Future changes of dust aerosol

3.2.1. Multi-annual mean dust emissions, column burden
and AOD

In the future, the spatial distributions of dust emissions,
column burden and AOD are similar to the present, maximum
centers are still located in the Taklimakan and Badain Jaran
(figure not shown for brevity).

As shown in Fig. 2b, less dust emissions can be found over
main source regions such as the Taklimakan, Badain Jaran,
Onqin Daga, Horqin and southern Mongolia in the future
(Exp.2eExp.1). In the meanwhile a widespread increase of
dust emissions is shown in northern Tibet Plateau, where there
are relative weaker emissions in the present. The pattern of
dust column burden changes is not exactly the same as that of
dust emissions, characterized by an increase over the most
areas of the Taklimakan (Fig. 2d) as a result of enhanced wind
speed in the middle and lower troposphere. For example,
although the change of wind speed at 10 m is dominated by a
weak decrease over the Taklimakan (Fig. 2g), increased wind
speeds of 0.25e1.00 m s�1 is projected at 700 hPa (Fig. 2h). A
consistent change of dust AOD with column burden can be
found in Fig. 2f, with increase of AOD in the Taklimakan
source and downwind regions.
s on dust aerosol over East Asia from RegCM3, Advances in Climate Change



Fig. 2. Simulated multi-annual mean dust emissions (a) and the change (b), column burden (c) and the change (d), aerosol optical depth (e) and the change (f),

changes of wind speed at 10 m (g) and 700 hPa (h).
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Table 1

Simulated monthly mean dust emissions and the future change (unit: g m�2 d�1).

Period and change Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ave

Present 889 1963 3685 6294 5900 3742 2444 2144 2484 2634 1860 993 2919

Future 1996 3068 5124 4963 5030 3311 2421 1904 1835 2404 1771 2025 2988

Changes 1107 1105 1439 �1331 �870 �431 �23 �240 �649 �230 �89 1032 69

Percent of change (%) 124 56 39 �21 �15 �12 �1 �11 �26 �9 �5 104 2

Table 2

Simulated monthly mean dust column burden and the future change (unit: g m�2).

Period and change Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ave

Present 329 589 999 1713 1738 1321 890 825 851 800 561 371 915

Future 646 925 1507 1569 1692 1306 1024 890 811 831 640 674 1043

Changes 317 336 508 �144 �46 �15 134 65 �40 31 79 303 128

Percent of change (%) 96 57 51 �8 �3 �1 15 8 �5 4 14 82 14
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3.2.2. Monthly mean dust emissions, column burden and the
occurrence of dust event with different emission thresholds

Multi-annual mean dust emissions show a slight increase of
2% in the future, with a larger increase of 39%e124% in
DecembereJanuaryeFebruaryeMarch (DJFM) and a rela-
tively small decrease of 1%e26% from April to November
(Table 1). Note that the largest dust emissions are found in
AprileMay (AM) in the present-day climatology, but the
highest emissions occur in March in the future. This is caused
by a maximum increase of 1439 g m�2 d�1 in March and a
maximum decrease of 1331 g m�2 d�1 in April (Table 1). The
projected changes of emissions in DJFM and AM are shown in
Fig. 4a and c. A robust emissions increase is found over most
of domain except the parts of the Taklimakan in DJFM
(Fig. 4a). In AM, specific regional changes of emissions
mainly associated with topography, dust emissions decrease
over areas with lower altitude (including all sources) and in-
creases over areas with high elevation (Fig. 4c).

Multi-annual mean dust column burden increase by 14% in
the future, mainly due to its increase in most months, except
the slight decrease in AprileMayeJune and September (Table
2). In general, the temporal evolutions of dust column burden
change are also consistent with that of dust emissions. A larger
increase of 303e508 g m�2 is found in DJFM with the
Fig. 3. Number of occurrences of dust event in the present and future, as

defined by the emission thresholds 1500, 2500 and 5000 mg m�2 d�1.

Please cite this article in press as: ZHANG, D.-F., et al., Effects of climate change

Research (2016), http://dx.doi.org/10.1016/j.accre.2016.07.001
maximum value in March, while showing a maximum
decrease of �144 g m�2 in April. These kinds of time-
evolving give rise to a quite similar magnitude of dust col-
umn burden in peak seasons of MarcheAprileMay (MAM) in
the future. The spatial distributions of column burden changes
in DJFM and AM show agreements in the sign with emission
changes. The relatively uniform increase in DJFM and
dominant decrease in AM are found (Fig. 4b and d).

Numbers of dust events occurrences with the emission
thresholds 1500 and 2500 mg m�2 d�1 increase in DJFM
(Fig. 5), with maxima in March compared with that in present-
day, and show a mainly reduction from April to November.
The numbers of total 10-year occurrences are 1030 and 433 d
for above two emission thresholds, showing an increase of 46
and 27 d relative to the present-day (Fig. 3). With
5000 mg m�2 d�1 as the thresholds, the maxima of increase
are still found in March and the highest frequency of occur-
rences is still in MAM (MarcheAprileMay), but it should be
noted that the total number of occurrences decreases from 97 d
in the present to 88 d in the future due to the pronounced
decreases in AM. Results suggest that strongest dust events
may decrease in the future.

Changes in monthly mean dust aerosol emissions, column
burden and the occurrences of dust eventwith different emission
thresholds show a significant increase inMarch and reduction in
April. All this indicates that there is an advanced active season of
dust in the future, and it is likely that there are the same
magnitude dust activities in frequency and intensity for the
future active season of MAM. Explanation of these changes is
that there are declined strong wind events and snow cover areas
in the future based upon the simulations. Declined 10 m wind
intensities and snow covers over grid boxes with the ability of
dust emissions are shown in Fig. 6aeb. Projected number of
days with the 10 m wind speeds exceeding 5 m s�1 or 6 m s�1

decreases in almost months, especially in April and May
(Fig. 6a), which lead to the significant decrease of dust emis-
sions. The number of points with the snow cover <1 mm in-
creases in all months, with the larger increase inDJFM (Fig. 6b),
which lead to the increased dust activity for these months,
although wind speeds at 10 m are weakened at the same time.
s on dust aerosol over East Asia from RegCM3, Advances in Climate Change



Fig. 4. Simulated emission changes in DecembereJanuaryeFebruaryeMarch (DJFM) (a) and AprileMay (AM) (c), and column burden changes in DJFM

(b) and AM (d).

6 ZHANG D.-F. et al. / Advances in Climate Change Research xx (2016) 1e9

+ MODEL
3.2.3. Dust feedbacks on regional climate
Aerosol-radiation interactions is thought to be important in

modifying global and regional climate, though substantial
uncertainties remain in assessments due to difficulties in
measurement and lack of observations of some relevant pa-
rameters. Due to the similar feedback of dust aerosol in the
present and future, here only the future radiative forcing at
top-of-atmosphere (TOA) and surface, as well as their effects
on dust emissions and column burden are briefly analyzed
(Exp.3eExp.2).
Fig. 5. Change of occurrences of dust event as defined by the emission

thresholds 1500, 2500 and 5000 mg m�2 d�1.

Fig. 6. Number of days (a) with wind speed > 5 m s�1 and >6 m s�1, and (b)

number of grids with snow cover <1 mm in the present and future.
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Fig. 7. Top-of-atmosphere (a) and surface (b) radiative forcing and their effects on dust emissions (c) and column burden (d).
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Projected radiative forcing and their effects on dust aerosols
are given in Fig. 7. The dust exerts a positive TOA forcing
over the source regions, with a maximum of exceeding
10 W m�2 in the Taklimakan, while a negative TOA forcing
dominates the downwind areas (Fig. 7a). Due to scattering and
absorption of incoming solar radiation by dust aerosol, a
substantial negative surface radiative forcing of up to
10 W m�2 over the source regions and 2.5e5.0 W m�2 over
the downwind regions can be found (Fig. 7b).

Dust negative surface forcing leads to the cooling and the
decreased sensible heat fluxes at the surface (Figs omitted),
that weakens the turbulence in boundary layer, and then causes
the declined surface wind velocity. Finally, there is a reduced
dust aerosol emissions locally up to 1000 mg m�2 d�1 over the
Taklimakan and 500 mg m�2 d�1 over the Badain Jaran, as
shown in Fig. 7c.

Dust column burden is declined correspondingly and a
decrease of more than 150 mg m�2 and 50e100 mg m�2 can
be found over the Taklimakan and Badain Jaran source areas,
respectively. The relatively small decrease of 10e50 mg m�2

is shown in the downwind area (Fig. 7d).

4. Summary and discussion

The future dust changes under global warming are exam-
ined by using RegCM3 driven by a global model output of
MIROC3.2_hires.
Please cite this article in press as: ZHANG, D.-F., et al., Effects of climate change
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Over East Asia, multi-annual mean emissions and column
burden of dust aerosol will increase by 2% and 14%, respec-
tively, in 2091e2100 relative to 1991e2000. The annual cycle
changes are characterized by an increase in DJFM and a
decrease in other months. The former increase is mainly
influenced by the less snow cover future, and the latter
decrease corresponds to the weakening of 10 m wind speed.
Similar changes are shown for the dust event frequencies with
different emission thresholds, which may bring an early severe
dust event season to a certain extent. It is also noteworthy that
the most severe dust event (such as with 5000 mg m�2 d�1 as
the thresholds) will decrease in the future. In addition, the dust
exerts a negative surface radiative forcing, a prevailing posi-
tive TOA radiative forcing over the source regions and a
negative TOA radiative forcing over downwind areas. As a
result, the dust radiative forcing induces a negative feedback
mechanism on the dust emissions and column burden.

Note that results from this study show some differences
with other studies. Such as Mahowald and Luo (2003) sug-
gested that future dust in 2090e2099 may be 20%e60% lower
than that in 1990e1999 if the global temperature rise
following the A1 scenario. Similar result appears in the global
model IS92a scenario simulations by Tegen et al. (2004), dust
loadings decrease by 19% in 2070e2080 relative to the period
of 1970e1980 over East Asia. However, Liu et al. (2014)
investigated the relationship between dust and temperature
in the northern QinghaieTibetan Plateau with the temperature
s on dust aerosol over East Asia from RegCM3, Advances in Climate Change
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reconstructions, suggests that increased temperatures led to
strong dust activity, while decreased temperatures resulted in
weak dust activity in the northern QinghaieTibetan Plateau.

The climate, as the forcing, has a large impact on future
dust aerosol. Specific to this study, MIROC3.2_hires projects a
warmer and wetter future over East Asia (Xu, 2010; Shi, 2010)
as well as a weaker decrease of wind speeds in dust source
areas (Jiang et al., 2010), compared to the CMIP3 multi-model
ensemble mean under the A1B scenario. Both minor weak-
ening of wind speeds and warmer climate are not conducive to
the decrease of dust. Except the forcing data used, in-
consistencies between this study and the cited studies may be
mainly caused by physical parameterizations used in climate
models and coupled dust modules. The mean state and vari-
ability of dust are sensitive to the physical parameterizations
of models in the land surface processes, the boundary layer
scheme, the radiation scheme, the cumulus scheme, dust
emissions, transport and deposition, etc. For example, the
model applied in our study is limited by 1) missing the re-
entrainment process of dust; 2) prescribed land use types
and overestimation of snow cover, which lead to the uncer-
tainty of dust projection. Finally, due to limitations of the
computer resources, relatively coarse resolution of 50 km and
the insufficient simulation length of 10 years are also sources
of uncertainties.

Further efforts are needed to reduce uncertainties and
improve the understanding of future changes of dust over East
Asia and China under the global warming. The efforts include
the employment of the more recent global climate models
(CMIP5 and the upcoming CMIP6) as the driving fields, simu-
lations using more recent version of RegCM4 and the upcoming
RegCM5 with improvement of model physical parameteriza-
tions (e.g. introduction of the dust re-entrainment and dynamical
vegetation processes, update of the soil freezing module, etc.),
and finally, the multi-model ensemble approaches of multiple
regional climate models driven by multiple global model under
the CORDEX frame (Giorgi et al., 2009).
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